Introduction
============

Nanotechnology is an interdisciplinary platform, where a broad range of nanosize materials is being developed for novel and innovative applications. Nanomaterials possess properties that are not found in the bulk form, thereby, giving the nanomaterials new and enhanced physicochemical and biological properties, as well as functionalities.[@b1-ijn-12-1621] Nanotechnology has provided a wide variety of products for the industrial, food packaging, agricultural, consumer and medical sectors. It has been estimated that the global market value of nanotechnology-associated products would continue to evolve and reach a market value of over US\$20 billion by 2020.[@b2-ijn-12-1621]--[@b4-ijn-12-1621]

Zn, a group II--VI semiconductor and versatile inorganic compound, is an essential component of the human diet. Having an adequate amount of Zn in the body is crucial for the protein and DNA synthesis, optimal functioning of immune response, retinal development, blood clotting, liver function, metalloenzyme function and olfaction.[@b5-ijn-12-1621] On top of its great chemical sensing and electric conductivity, ZnO NPs possess ultraviolet scattering and antimicrobial (both antibacterial and antifungal) properties. Their bactericidal values are useful for biomedical applications and food packaging.[@b6-ijn-12-1621],[@b7-ijn-12-1621] Moreover, ZnO NP usage has extended its reach into consumers in the form of cosmetics and textiles, and the industrial setting in the form of electronic products. Zn nanomaterials are also being used as a catalyst in automobile tail gas treatment.[@b8-ijn-12-1621]

However, the emergence of ZnO NP-based products has raised concerns regarding their potential toxicity and safety due to the increased exposure. Several in vitro studies have demonstrated the undesirable toxic effects of ZnO NPs, such as the induction of oxidative stress, autophagic cell death, inflammatory responses, cellular damage and genotoxicity.[@b9-ijn-12-1621]--[@b13-ijn-12-1621] The toxicity of ZnO NPs has been shown to be attributed to the dissolution of Zn to free Zn^2+^ ions and the generation of free radicals from the surface of ZnO, resulting in cellular ionic and metabolic imbalance that is associated with a defect in ionic homeostasis and an inhibition of ion transport.[@b9-ijn-12-1621],[@b12-ijn-12-1621],[@b14-ijn-12-1621],[@b15-ijn-12-1621] In vitro toxicity studies revealed that generation of reactive oxygen species (ROS), followed by ROS-induced oxidative stress, is the mechanism leading to the ZnO NP-mediated toxicity. Insufficient antioxidative protective mechanism following excessive ROS production, has shown to elicit cell death and genotoxicity.[@b14-ijn-12-1621] Other than the inherent properties of ZnO NPs, physicochemical properties, such as size and surface charges contribute to the toxicity of ZnO NPs. In addition to the phase (amorphous, anatase, etc) and contact area between a single nanoparticle (NP) and a single cell, smaller and rod shaped nano ZnO (in comparison to spherical shape) is reported to be more toxic.[@b15-ijn-12-1621]--[@b17-ijn-12-1621] The surface charge of NPs is also an important factor in considering the toxicity, as the positively charged NPs were shown to possess a higher toxicity,[@b9-ijn-12-1621] and differential surface charge is attributed to the cellular uptake and intracellular localization.[@b18-ijn-12-1621] The toxic effects of in vivo exposure have been reported in vertebrates such as rodent[@b6-ijn-12-1621] and zebra fish,[@b19-ijn-12-1621],[@b20-ijn-12-1621] as well as the invertebrate the fruit fly *Drosophila melanogaster*.[@b21-ijn-12-1621]

The generation of free radicals is known to cause oxidative damages in DNA and subsequently produce the product 8-hydroxy-2′-deoxyguanosine (8-OHdG), an established oxidative DNA damage marker.[@b22-ijn-12-1621] An in vitro study demonstrated that ZnO NPs (≤35 or 50--80 nm) are able to cause oxidative DNA damage and genotoxicity as revealed by the Comet assay in human lymphoblastoid cells.[@b23-ijn-12-1621] Other studies using mammalian cultured cells have also shown the potential risk of ZnO NPs in the induction of genotoxicity.[@b24-ijn-12-1621]--[@b26-ijn-12-1621] Although oxidative stress has been proposed as the main mechanism responsible for the toxicity of NPs, the direct role of ROS-associated genes in the toxicity remains to be explored. Despite of these toxicity studies, the hazardous effects of ZnO NPs still remain debatable.[@b27-ijn-12-1621] Studies reported that ZnO NPs cause no toxicity to human cells and only low subchronic toxicity to rodents.[@b28-ijn-12-1621]--[@b30-ijn-12-1621] Furthermore, a previous study using *Drosophila* had reported no toxicity observed upon the ingestion of ZnO NPs.[@b21-ijn-12-1621] On the other hand, another earlier study assessing the genotoxicity and oxidative stress induced by ZnO NPs in *Drosophila* showed a weak genotoxicity of ZnO NPs.[@b31-ijn-12-1621]

The human lungs remain a vulnerable organ for NP invasion where the respiratory tract is considered the primary target for inhaled NPs.[@b32-ijn-12-1621] Therefore, the cytotoxic effects of ZnO NPs were comprehensively evaluated using various cellular assays, including lactate dehydrogenase (LDH), AlamarBlue assay and flow cytometry (fluorescence-activated cell sorting \[FACS\]) in the human lung fibroblast MRC5 cell line. ROS generation was monitored by the 6-carboxy- 2′,7′-dichlorodihydro fluorescein diacetate (DCFDA) assay, as well as by the gene expression profiling of a panel of endoplasmic reticulum (ER) stress genes (*XBP1*, *DDIT3*, *TRIB3*, *ADM2*, *HSPA5*, *CASP12*, *ASNS*, *HERPUD1*, *ERN1*, *EIF2AK3* and *ATF6*) in the MRC5 cells. The 8-OHdG was used for the evaluation of oxidative stress with the use of enzyme-linked immunosorbent assay and comet assays to assess genotoxicity. For the in vivo study, wild-type adult flies were fed with ZnO NPs at different doses, and the egg-to-adult survival of F1 progenies was recorded. In an attempt to determine if the decrease in viability was mediated through ZnO NP-induced ROS, we tested the inhibitory effects of Nrf2, which is the key molecule involved in the expression of detoxifying and antioxidant enzymes in response to oxidative stress, and found that the removal of one copy of *Nrf2* further decreased ZnO NP-mediated viability. This is the first genetic study indicating that ROS production is one of the direct causes of ZnO NP-mediated toxicity in the fruit fly *Drosophila*.

Materials and methods
=====================

Materials
---------

ZnO NPs (product number 721077 from Sigma-Aldrich) of \<100 nm particle size (by dynamic light scattering \[DLS\]) were used in this study. ZnO NPs were prepared in Milli-Q water for hydrodynamic size analysis by DLS. The stock concentration of 1 mg/mL solution was prepared freshly, sonicated and sterile filtered before using for experimentation. To examine the effects of ZnO NPs in different sizes on toxicity, ZnO NPs (\~50--80 nm particle size in aqueous dispersion; US Research Nanomaterials, Inc.) were also used for comparison.

Characterization of ZnO NPs
---------------------------

Transmission electron microscopy (TEM) analysis for the materials was performed using the JEOL 1010 TEM. The NanoDrop^®^ ND-1000 UV-Vis Spectrophotometer (NanoDrop Technologies Inc., USA) was used to analyze the absorption spectrum of ZnO NPs. In addition, DLS and zeta potential (Zetasizer Nano ZS, Worcestershire, UK) were measured to assess the hydrodynamic size and surface charge of ZnO NPs in solution.

Cell culture
------------

Human MRC5 fetal lung fibroblasts (ATCC^®^ CCL-171™) that are between passage 20 and 30 were cultured in Roswell Park Memorial Institute (RPMI 1640) supplemented with 10% heat-inactivated fetal bovine serum (FBS), together with 100 μg/mL streptomycin and 100 units/mL penicillin. The cells were maintained in a cell culture incubator (Thermo Electron Corporation, Madison, WI, USA) with humidified atmosphere of 37°C and 5% CO~2~:95% O~2~, before passaging. The morphology of cells was examined under the Nikon Eclipse TS100 microscope (Nikon Corporation, Tokyo, Japan) attached with a Digital Sight DS-U1 camera. The setup was also equipped with the ACT-2U imaging software version 1.60.

ZnO NP treatment in vitro
-------------------------

As-synthesized ZnO NPs were used to prepare a range of concentrations (0, 1, 10, 25, 50, 75 and 100 μg/mL) from 1 mg/mL of ZnO NP stock solution, for treating the cells for 24, 48 and 72 h. Lipoic acid (LA) and glutathione (GSH) (Sigma, St Louis, MO, USA) at 300 μM and 3 mM, respectively, were added 24 h before ZnO NP treatment to examine the effect of antioxidant on ZnO NP-induced cytotoxicity.

TEM
---

MRC5 fibroblasts were treated with ZnO NPs and cultured in LabTeck culture chambers for TEM sample preparation. Cells were then fixed in 2.5% glutaraldehyde (GA) for 1 h before rinsing 3 times with phosphate-buffered saline (PBS) at the time interval of 5 min each. Samples were osmified with 1% OsO~4~ and bits of KFeCN (Agar Scientific Ltd, Stansted, UK) at room temperature for 1 h. Subsequently, samples were dehydrated by immersing in a graded series of ethyl alcohol for 10 min each and embedded in epoxy resin (polymerization at 60°C for overnight) (Ted Pella Inc., CA, USA). This was followed by slicing of ultrathin sections, which were then mounted on formvar-coated Cu grids. Sections were stained with lead citrate (BDH, Bristol, UK). Digital micrographs were obtained using a Gatan 792 Bioscan 1 k ×1 k Wide Angle Multiscan charge-coupled device camera attached to the JEOL 1010 TEM.

To detect the presence of ZnO NPs in the intestine of the *Drosophila* larvae, the midguts of control and ZnO NP-treated third instar larvae were dissected out and collected in PBS, before fixation in 2.5% GA. Subsequent processing steps for TEM are as described earlier.

Acridine orange and ethidium bromide (AO/EtBr) staining
-------------------------------------------------------

About 1 mg/mL AO and EtBr were constituted from the powder form with PBS. For discrimination of live from dead cells, AO fluoresces as green color, indicating live viable cells; EtBr fluoresces as orange color when intercalated with DNA, representing dead cells. The medium was first removed from ZnO NP-treated cells. Stock solution was further diluted 100× with PBS to a working concentration before adding into the cells. Diluted dyes were added for 1 min at room temperature, removed and washed with PBS before micrographs were taken.

LDH assay
---------

Cells were seeded into a 96-well plate for 24 h. Subsequently, the medium was aspirated and replaced with 200 μL of medium containing 0, 1, 10, 25, 50, 75 and 100 μg/mL of ZnO NPs into each well. After 24, 48 and 72 h incubation, 100 μL of supernatant was sampled and transferred to a new plate. One hundred microliters of reaction mixture (consisting of a catalyst and dye solution) was then added. Following 30 min of incubation at room temperature, the LDH activity in the supernatant was quantified using a SpectraMax M5 MicroPlate reader at 490 nm wavelength.

AlamarBlue^®^ assay
-------------------

The cytotoxicity of ZnO NP-treated MRC5 fibroblasts was monitored by the AlamarBlue assay. Briefly, MRC5 fibroblasts (seeded at 8×10^3^ cells/well) were treated with ZnO NPs at various doses for 24--72 h in 96-well plates. After removal of existing medium, 1/10th volume of AlamarBlue reagent (Thermo Fisher Scientific) was added directly to the cells in the culture medium and incubated for 2 h at 37°C (protected from direct light). Fluorescence reading was recorded (excitation wavelength of 570 nm; emission wavelength 585 nm) using the same microplate reader.

FACS analysis
-------------

Cells were plated onto 6-well culture plates, and then ZnO NP treatment was performed for 16 and 24 h. After each time point, cells were collected into a 15 mL centrifuge tube and pelleted by centrifugation at 1,000 rpm for 5 min. Cell pellets were washed twice with PBS, and subsequently cells were stained using Annexin V and fluorescein isothiocyanate (FITC) Apoptosis Detection Kit I (BD Biosciences). Briefly, cells were resuspended with 1× binding buffer at a concentration of 1×10^5^ cells per 100 μL. Five microliters of FITC Annexin V and 5 μL propidium iodide (PI) were added and incubated for 15 min at room temperature (25°C) away from light. Samples were top up with another 400 μL of 1× binding buffer before analyzing by flow cytometry.

For cell cycle analysis, the cell pellet was fixed with ice cold ethanol overnight. The cells were washed and permeabilized with Triton-X 100, and then stained with PI. Samples were kept in the dark before being analyzed. A total of 1×10^4^ events for each sample were analyzed and scored by Dako Cyan flow cytometer (DakoCytomation) supplemented with the Summit™ software.

Cellular ROS detection assay
----------------------------

ZnO NP-treated and NP-untreated cells were stained with DCFDA for 30 min at 37°C. Cells were then washed and incubated with cell culture medium before measuring the fluorescence intensity by FACS.

RNA extraction, reverse transcription (RT) and quantitative real-time RT-polymerase chain reaction (qRT-PCR)
------------------------------------------------------------------------------------------------------------

The Purelink RNA Mini Kit (Thermo Fisher Scientific) was used to isolate total RNA. RNA quality was assessed using the NanoDrop ND-1000 Spectrophotometer at the absorbance reading of 260 and 280 nm wavelengths. MRC5 cells were lysed, followed by the addition of an equal volume of 70% ethanol. Samples were then transferred into a Spin Column and centrifuged for 15 s at 13,200 rpm. After which, samples were subjected to washing steps using the buffers provided inside the kit and spun dry to remove excessive ethanol, followed by elution with RNase-free water.

For cDNA conversion, Agilent AffinityScript qPCR cDNA synthesis kit (Genomax Technologies) was used according to manufacturer's instructions. cDNA was stored at −20°C for later use. A mixture consisting of diluted cDNA, SYBR Green PCR Master Mix (Thermo Fisher Scientific) and primer for each gene was analyzed by a 7900HT Fast Real-Time PCR machine (Thermo Fisher Scientific) following the thermal profile settings: 95°C, 20 s; 95°C, 1 s followed by 60°C, 20 s for 40 cycles. The fold change in expression for each gene of the samples was calculated.

8-OHdG DNA damage quantification
--------------------------------

EpiQuik™ 8-OHdG DNA damage quantification kit (Epigentek) was used to monitor oxidative DNA damage. DNA from ZnO NP-treated MRC5 cells was extracted using PureLink^®^ Genomic DNA Mini Kit (Thermo Fisher Scientific). First, binding solution was added prior to adding the DNA samples. After incubation at 37°C for 90 min, the binding solution was removed and washed three times with washing buffer. Next, capture antibody was added, incubated for 60 min and removed before washing steps. The detection antibody was then added and incubated for 30 min, and washed before adding the enhancer solution. Wells were washed five times before the developer solution was introduced. After sufficient color development was observed in the positive control set, the reaction was stopped by adding the stop solution. The absorbance was taken at 450 nm.

Comet assay
-----------

ZnO NP-treated MRC5 cells were mixed with low melting agarose before embedding on the comet slide. The cells were lysed in prechilled lysis buffer for an hour, followed by denaturation in alkaline running buffer. The comet slide was then placed on a horizontal electrophoresis tank, run at 25 V for 20 min. Cells were placed inside neutralizing buffer before subjected to dehydration with 70% ethanol. Dried cells were stained with SYBR Green before viewing under Zeiss Axioplan 2 imaging fluorescence microscope equipped with the CometImager software.

Fly strains
-----------

The following *D. melanogaster* strains were used in this study: the wild-type *Canton-S*; *Sod2^N308^/CyO* (obtained from NIG-FLY); and *cncC^K6^/TM3, Sb* (a gift from Dr Kerppola T).[@b33-ijn-12-1621] For in vivo viability assay, wild-type adult flies were placed in vials containing food media supplemented with either 0, 0.1, 0.25, 0.5 and 1 mg/mL ZnO NPs. The parent flies were then removed after 5 days, and the viability of the laid eggs to adult stage was monitored. Emerged F1 (1st filial or generation) flies were collected and counted, and the percentage of viability as compared with the control (nontreated; 0 mg ZnO NPs) was calculated. To assess whether inhibition of CncC (the *Drosophila* homolog of Nrf2) or superoxide dismutase 2 (SOD2) activity can further increase ZnO NP-induced ROS and thus decrease the ZnO NP-induced viability, virgin female *cncC^K6^/TM3, Sb* or *Sod2^N308^/CyO* flies were crossed with male *Canton-S* flies. Flies were transferred to food media containing 0, 0.25 or 0.5 mg/mL ZnO NPs. Emerged adults were collected and counted, and the percentage of viability with respect to the control (balanced flies) was calculated.

ROS detection using dihydroethidium (DHE) staining
--------------------------------------------------

Larvae treated with ZnO NPs at different concentrations are collected and placed in PBS in dissection glass plates at room temperature. The guts of the larvae were dissected and incubated in Schneider's *Drosophila* medium for optimal respiration. One microliter of the DHE dye (stock concentration of 30 mM) was dissolved in 1 mL of Schneider's medium, giving a final concentration of 30 μM. The gut tissues were incubated for 5 min in dark at room temperature, before washing thrice with medium at 5 min interval. Lastly, the tissues were mounted onto glass slides in Vectashield with 4′,6-diamidino-2-phenylindole (DAPI) before capturing images with a confocal microscope.

Statistical analysis
--------------------

Statistical calculations were performed using the Graph Pad Prism Version 6.0 (GraphPad Software, CA, USA). Data were presented as mean values ± standard error of the mean (SEM) from triplicates (n=3). Student's *t*-test was used to analyze differences between two groups; while One Way analysis of variance with post hoc test (Tukey's Multiple Comparison Test) was used if there were three or more groups of data involved for comparison. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001 and \*\*\*\**P*\<0.0001 were considered statistically significant.

Results
=======

ZnO NPs physicochemical properties
----------------------------------

The physicocharacteristics of ZnO NPs were determined prior to the start of the biological part of the study. TEM images showed that the ZnO NPs are spherical in shape, with an average hydrodynamic size of \~70 nm in diameter in suspension ([Figure 1A and C](#f1-ijn-12-1621){ref-type="fig"}) and have an absorption peak at 360 nm ([Figure 1B](#f1-ijn-12-1621){ref-type="fig"}). The surface charge of ZnO NPs was +5.8 mV ([Figure 1D](#f1-ijn-12-1621){ref-type="fig"}). Agglomeration of ZnO NPs was observed by TEM, suggesting the high value for the hydrodynamic radius and the low zeta potential observed. ZnO NPs had a wide distribution with polydispersity index \>0.1 before sonication. Hence, freshly sonicated ZnO NP dispersions were used immediately for treatment purpose.

Exposure to ZnO NPs shows a dose-dependent cytotoxicity in the human lung MRC5 cells
------------------------------------------------------------------------------------

We first confirmed the uptake and internalization of ZnO NPs into the human lung MRC5 cells by performing TEM study. ZnO NPs were detected in the cytoplasm of the cells in the form of electron dense clusters, which are found to be enclosed by vesicles, whereas ZnO NPs were not observed in untreated control cells ([Figure 2A and B](#f2-ijn-12-1621){ref-type="fig"}). We next examined the cytotoxicity of ZnO NPs at various concentrations in MRC5 cells. A significant morphological change in ZnO NP-treated MRC5 cells was observed under the light microscope, compared to control cells ([Figure 2C and D](#f2-ijn-12-1621){ref-type="fig"}). While ZnO NP-treated MRC5 cells showed cell shrinkage, nuclear changes and the formation of apoptotic body under fluorescence microscopic examination using AO/EtBr staining, untreated cells did not exhibit any alterations in cell morphology ([Figure 2E and F](#f2-ijn-12-1621){ref-type="fig"}).

Furthermore, we found that ZnO NP-treated MRC5 cells, which have lost their membrane integrity, were associated with the release of LDH in a dose-dependent manner, indicating that 50 μg/mL ZnO NP exposure can cause cell death ([Figure 3A](#f3-ijn-12-1621){ref-type="fig"}). Cell viability was consistently found to be significantly decreased as early as 24 h after treatment, and ZnO NPs at a concentration of 50 μg/mL (617 μM) caused total cell death ([Figure 3B](#f3-ijn-12-1621){ref-type="fig"}). There was also a decrease in cell proliferation as revealed by the cell cycle analysis, which showed a significant decrease in the total DNA content of treated cells at both S and G2/M phases, as compared to control. Consistent with the inhibitory effect of ZnO NPs on cell growth, cells in sub-G1 phase significantly increased, suggesting an occurrence of cell death upon ZnO NP treatment ([Figure 3C](#f3-ijn-12-1621){ref-type="fig"}). Since ZnO NP-treated cells showed abnormal cell morphology in the fluorescence microscopic examination using AO/EtBr staining and in the cell cycle analysis, we next verified that ZnO NPs can induce apoptosis. We carried out FACS analyses using FITC/PI-stained MRC5 cells, and found that ZnO NP treatment indeed resulted in apoptotic cell death ([Figure 3D](#f3-ijn-12-1621){ref-type="fig"}).

Exposure to ZnO NPs causes ROS induction and increases the expression of genes associated with ER stress in MRC5 fibroblasts
----------------------------------------------------------------------------------------------------------------------------

A growing body of evidence indicates that ROS play essential roles in NP-mediated toxicity.[@b34-ijn-12-1621],[@b35-ijn-12-1621] We thus reasoned that ZnO NP-mediated toxicity in MRC5 fibroblasts is caused by oxidative stress. Hence, we evaluated the oxidative stress induced by ZnO NP exposure by performing DCFDA staining, followed by flow cytometry to monitor the cellular ROS levels. ROS levels in the cells exposed to ZnO NPs were found to be higher than control cells as revealed by FACS ([Figure 4A](#f4-ijn-12-1621){ref-type="fig"}). Increased ROS have been reported to be closely associated with an increase in the expression of ER-related stress response genes.[@b36-ijn-12-1621] Hence we next carried out gene expression profiling to examine the ER-related stress response in ZnO NP-treated cells. Of the 10 ER stress-related genes screened, the expression of DNA damage inducible transcript 3 (*DDIT3*) and ER to nucleus signaling 1 (*ERN1*) was found to be significantly upregulated, while the rest showed a general upward expression in comparison to control cells ([Figure 4B](#f4-ijn-12-1621){ref-type="fig"}). To assess whether antioxidants can suppress ZnO NP-induced cell death, we pretreated the cells with LA at 300 μM or GSH at 3 mM for 24 h. Both LA and GSH partially protected MRC5 cells against ZnO NP-induced cytotoxicity, as evidenced by the reduced amount of LDH being released ([Figure S1](#SD1-ijn-12-1621){ref-type="supplementary-material"}). These results suggest that the ZnO NP-mediated cytotoxicity observed earlier was associated with increased ROS production.

Genotoxicity
------------

8-OHdG is a nucleoside of DNA that is produced after oxidation. As ROS can cause oxidative damage to DNA, lipid and proteins, 8-OHdG has been emerged as a reliable marker for oxidative stress.[@b37-ijn-12-1621] In this study, we found that ZnO NP exposure results in ROS production, leading to an accumulation of 8-OHdG ([Figure 5A](#f5-ijn-12-1621){ref-type="fig"}) followed by oxidative DNA damage as shown by the comet assay ([Figure 5B](#f5-ijn-12-1621){ref-type="fig"}). Therefore, we concluded that DNA oxidation is induced by ROS in the cells exposed to ZnO NPs. Increased DNA damage as indicated by the migration of DNA away from nucleus and the formation of a shape resembling a comet tail was observed in ZnO NP-treated cells. The increase in oxidative DNA damage products and DNA strand breaks has verified that ZnO NPs elicit DNA damage.

Larval uptake of NPs in the fruit fly *Drosophila*
--------------------------------------------------

The fruit fly *D. melanogaster* has been used as an excellent in vivo model to study the toxicity of NPs.[@b38-ijn-12-1621] Since our in vitro studies using the human lung MRC5 cells showed that ZnO NP exposure can trigger cell death, we decided to confirm this finding using *Drosophila* as an in vivo model organism. Adult flies were fed ZnO NPs at a wide variety of concentrations by the ingestion. The distribution and localization of ZnO NPs in the gut of third instar larvae of F1 progenies were first examined by electron microscope after ultrathin sectioning. ZnO NPs were found to be ingested and internalized into the midgut of treated larvae. Some ZnO NPs were detected to be attached to microvilli in the intestinal lumen and some were observed to be enclosed inside vesicles in the cytoplasm of midgut cells, as opposed to control untreated larval midgut ([Figure 6A and B](#f6-ijn-12-1621){ref-type="fig"}).

Exposure of ZnO NPs induces a decrease in the viability of *Drosophila*
-----------------------------------------------------------------------

*Canton-S* flies were utilized for the viability assay and administered by feeding ZnO NPs at various concentrations, ranging from 0 to 10 mg/mL. A decrease in egg-to-adult viability of F1 progenies was observed in a dose-dependent manner, where only 49.8% of ZnO NP-exposed eggs managed to reach the adult stage successfully at the dose of 0.5 mg/mL ([Figure 6C](#f6-ijn-12-1621){ref-type="fig"}). In addition to the reduction of viability, treatment of ZnO NPs also resulted in a delay in the developmental process of *Drosophila*. Flies exposed to ZnO NPs at concentrations such as 1 or 2.5 mg/mL, showed a significantly delayed eclosion compared to those exposed to 0 mg/L ZnO NPs ([Figure 6D](#f6-ijn-12-1621){ref-type="fig"}). Notably, these results are in contrast to an earlier study, by another group of investigators where no toxicity was found in flies treated with 50--80 nm ZnO NPs from a different commercial source.[@b21-ijn-12-1621] In an attempt to address this discrepancy, a viability study was conducted using ZnO NPs from two different sources. While ZnO NPs used in this study (at doses of 0.5 and 1 mg/mL) were found to be toxic, no obvious toxicity was observed in flies treated with ZnO NPs from another source that was in agreement with the published findings ([Figure S2A and B](#SD2-ijn-12-1621){ref-type="supplementary-material"}).[@b21-ijn-12-1621]

ZnO NPs induce oxidative stress in *Drosophila*
-----------------------------------------------

It is conceivable that aberrant ROS levels induced by ZnO NPs affected the viability of flies. DHE, which readily reacts with superoxide anions to form 2-hydroxyethidium, thereby, generating red fluorescence,[@b39-ijn-12-1621] was used to examine ROS levels in the guts of 3rd instar larvae, following the ingestion of ZnO NPs. In the control gut cells, the basal amounts of ROS were detected, and the intensity observed in the control set was set as a minimum threshold ([Figure 7A](#f7-ijn-12-1621){ref-type="fig"}). On the other hand, intermediate levels of ROS were observed in the gut cells harvested from larvae fed with 0.25 mg/mL of ZnO NPs ([Figure 7B](#f7-ijn-12-1621){ref-type="fig"}). However, the gut cells of 0.5 mg/mL ZnO NP-treated larvae showed a dramatic increase in the levels of ROS, with the highest fluorescence intensity observed ([Figure 7C](#f7-ijn-12-1621){ref-type="fig"}). This finding suggests that ZnO NP treatment induced excessive amounts of ROS, leading to a decrease in viability in vivo.

Nrf2 involves in ZnO NP-induced ROS production
----------------------------------------------

To demonstrate that the decreased viability in ZnO NP-treated flies was at least partly due to oxidative stress, we examined the effects of loss of function of *Nrf2* on ZnO NP-induced toxicity. Nrf2 plays as an important cellular sensor for oxidative stress.[@b40-ijn-12-1621],[@b41-ijn-12-1621] Nrf2 is a transcription factor involved in the cellular response to oxidative and electrophilic stress.[@b42-ijn-12-1621] It is normally negatively regulated by its cytoplasmic effector Keap1.[@b43-ijn-12-1621] However, upon stimulation by oxidants or electrophilic insults it is rapidly activated by protein stabilization, involving gene expression via antioxidant response element, which is a *cis*-acting regulatory enhancer element at the 5′ flanking region of many phase II enzymes that are involved in detoxification ([Figure 8A](#f8-ijn-12-1621){ref-type="fig"}).[@b42-ijn-12-1621],[@b44-ijn-12-1621] Thus, we posited that ZnO NP-mediated cytotoxicity would be even more severe when the activity of Nrf2 or detoxifying enzyme such as SOD2 is downregulated. As expected, the reduced viability was further enhanced in flies heterozygous for *Sod2* or *CncC* (the *Drosophila* homolog of Nrf2) compared to control files ([Figure 8B and C](#f8-ijn-12-1621){ref-type="fig"}).

Discussion
==========

The solubility of ZnO NPs is the pivotal factor in causing cytotoxicity in vitro. Zn^2+^ at a low concentration is essential for maintaining the cellular processes and metabolism; however, Zn^2+^ at a high concentration can cause toxicity.[@b45-ijn-12-1621] It has been previously reported that the dissolution of metal oxide NPs greatly influences its toxicity in vitro.[@b46-ijn-12-1621] To confirm that the dissolved Zn ions contribute to the observed toxicity of ZnO NPs, we performed MTS study to compare the toxicity of Zn ions and ZnO NPs. We found that Zn ions cause more toxicity to the cells than their corresponding NP counterparts (data not shown). This result further confirmed that Zn ions play an essential role in the toxicity of ZnO NPs. Several studies have also shown that the toxicity of ZnO NPs is due to the dissolution of the ZnO NPs, forming Zn^2+^ ions.[@b47-ijn-12-1621]--[@b49-ijn-12-1621] The presence of excessive Zn^2+^ in the medium can disturb the ionic balance in the cells, and thus cause an ion transport inhibition and amino acid metabolism disruption.[@b50-ijn-12-1621]

Other than Zn^2+^-induced damages, the excessive level of ROS is known to affect membrane potential change, induce lipid peroxidation, affect lipoprotein structure and cause plasma membrane injuries. The destruction of membrane functions and properties leads to cell death.[@b51-ijn-12-1621] ZnO NPs exerted significant toxic effects on MRC5 cells by causing apoptotic cell death. Although the mechanism of ZnO NPs causing cytotoxicity is not yet fully understood, ZnO NPs-induced ROS are considered to be one of the main causes. When the oxidative stress exceeds the antioxidant ability of the cell, oxidative damage on critical biomolecules occurs, leading to cell death.[@b52-ijn-12-1621]--[@b54-ijn-12-1621] Importantly, in this study we have demonstrated that ROS are one of the direct causes of ZnO NP-mediated cell death in both in vitro and in vivo models.

ZnO NPs can induce a cell death via apoptosis through the intrinsic mitochondrial pathway.[@b45-ijn-12-1621],[@b53-ijn-12-1621],[@b55-ijn-12-1621] ZnO NPs treat ment in vitro has been shown to decrease mitochondrial membrane potential and conversely increase Bax/Bcl2 ratio.[@b53-ijn-12-1621] Interestingly, our study showed that *DDIT3* expression is significantly upregulated in response to ZnO NP treatment. Increased expression of *DDIT3* was shown to lead to a cell cycle arrest and apoptosis. It causes a downregulation of Bcl2 protein levels and a translocation of Bax from the cytosol into the mitochondria, and transmits *DDIT3* induced-death signals to the mitochondria, acting as an integrator and amplifier of the death signaling pathway.[@b56-ijn-12-1621],[@b57-ijn-12-1621] Moreover, excessive release of Zn^2+^ was shown to be sequestered by the mitochondrion.[@b58-ijn-12-1621] Presence of cations aids to regulate ATP synthesis and ROS production in mitochondrion. Conversely, the rapid Zn^2+^ influx results in a rapid decline of mitochondrial membrane potential which subsequently activates the caspase-dependent apoptosis and release of LDH.[@b45-ijn-12-1621]

*ERN1* encodes a protein that possesses intrinsic kinase and endoribonuclease activities, which play key roles in regulating gene expression in response to ER stress.[@b59-ijn-12-1621] In mammals, when ER homeostasis is challenged, *ERN1* regulates the expression of the ER quality control components required for protein folding by splicing *Xbp-1* mRNA and activates Regulated IRE-1 Dependent Decay to reduce the demand of protein folding as the unfolded protein response.[@b60-ijn-12-1621] *ERN1* was shown to be necessary and alone was sufficient in initiating apoptosis.[@b61-ijn-12-1621] It functions to increase caspase 2 (CASP2), a proapoptotic protease essential for the execution of apoptosis, thereby promoting apoptosis. Interestingly, *ERN1* was found to be significantly upregulated by \>10 fold in MRC5 fibroblasts treated with ZnO NPs ([Figure 4B](#f4-ijn-12-1621){ref-type="fig"}), suggesting the ZnO NP-mediated ER stress followed by apoptosis.

There is a growing body of research using *Drosophila* as an in vivo model organism to assess NP-mediated toxicity. *Drosophila* shows high levels of physiological similarity and gene conservation to humans.[@b38-ijn-12-1621],[@b62-ijn-12-1621],[@b63-ijn-12-1621] In addition, the signaling pathways that control developmental processes are highly conserved between *Drosophila* and mammals, making it a suitable and promising in vivo model for elucidating the detailed molecular mechanisms of NP-mediated toxicity.[@b64-ijn-12-1621] It was previously reported that there is no toxicity or oxidative stress induction observed in *Drosophila* larvae when exposed to ZnO NPs.[@b21-ijn-12-1621] However, we observed a significant decrease in the viability of treated F1 progenies, suggesting the toxic effects of ZnO NPs in *Drosophila*. Our DLS analysis showed that the hydrodynamic radius of ZnO NPs used in this study is \~70 nm. Interestingly, however, our analysis revealed that the hydrodynamic radius of ZnO NPs used in the study by Alaraby et al,[@b21-ijn-12-1621] is \>1 μm, which is far bigger than the value stated on the data sheet (50--80 nm; [Figure S3A](#SD3-ijn-12-1621){ref-type="supplementary-material"}). The majority of the ZnO NPs were found to be agglomerated and polydispersed (polydispersity index =1). After sonication, the ZnO NPs were less polydispersive but still agglomerate as large particles ([Figure S3B](#SD3-ijn-12-1621){ref-type="supplementary-material"}). In support of this, they also reported that the hydrodynamic radius of the ZnO NPs is 291.66 nm. The difference in the NP agglomeration state, particle stability and particle size may influence the particle-biological molecule interaction and partially explain the observed differences between the two sources of NPs concerning their ability to cause toxicity in vivo.

Our EM study showed that upon ingestion by *Drosophila* larvae, ZnO NPs were observed to be attached to microvilli in the intestinal lumen and enclosed inside vesicles in the cytoplasm of midgut cells ([Figure 6A and B](#f6-ijn-12-1621){ref-type="fig"}). These observations are consistent with the previous report that NPs can get internalized into the intestines and hemocytes.[@b21-ijn-12-1621] Owing to the small size of ZnO NPs, hemocytes can easily distribute them into different internal organs and interact with important biomolecules. Hence, it allows them to accumulate and deposit in the organs, causing a great damage.[@b65-ijn-12-1621] Furthermore, studies in other animal models have also revealed that ZnO NPs could reach various organs through the systemic circulation upon exposure, and adversely affect the liver, lungs, brain, blood and kidneys where ZnO NPs normally accumulate.[@b66-ijn-12-1621],[@b67-ijn-12-1621] In support of this, we found a dramatic decrease in the viability and a significant delay in the development of *Drosophila* upon ZnO NP exposure in a dose-dependent manner. Importantly, ZnO NPs as have shown in the present and earlier studies, are able to induce ROS production, followed by the DNA fragmentation and mitochondrial damage of the cells, in both animal systems and cultured mammalian cell lines, suggesting that ROS induction may be one of the main causes by NP-mediated toxicity.[@b12-ijn-12-1621],[@b53-ijn-12-1621],[@b55-ijn-12-1621] In this in vivo study, we employed DHE staining to monitor the ROS levels using treated 3rd instar larval midguts, and clearly demonstrated that ZnO NPs can induce ROS production in a dose-dependent manner in vivo.

The transcription factor Nrf2 becomes rapidly activated upon excessive ROS, and subsequently enhances the expression of a large pool of antioxidant and phase II detoxifying genes, which function to defend against oxidative and electrophilic stress.[@b42-ijn-12-1621] In *Drosophila*, numerous genetic tools and reagents for the study of complex biological processes are available. In an attempt to demonstrate that oxidative stress is one of the direct causes of ZnO NP-induced toxicity and that Nrf2 plays an essential role in maintaining the redox homeostasis upon oxidative stress in *Drosophila*, Nrf2 activity was genetically manipulated in both control and treated F1 progenies. Interestingly, removing one copy of *cncC* alleles (*cncC^K6^*) further enhanced the phenotype of decreased viability caused by the treatment of ZnO NPs compared to corresponding controls, suggesting that Nrf2 activity is required for salvaging ROS-associated toxicity upon ZnO NP exposure by activating downstream antioxidant response. Consistently, inhibition of SOD2, which functions to catalyze the dismutation of the O^−^ radical into either O~2~ or H~2~O~2~, also increased the toxicity caused by ZnO NPs at 0.25 mg/mL. These findings suggest that excessive ROS production is at least in part one of the direct causes of ZnO NP-induced toxicity in *Drosophila*.

Conclusion
==========

This study showed that ZnO NPs can cause toxicity by ER stress, cytotoxicity and genotoxicity, which are closely associated with ROS generation and inevitably lead to cell death in vitro. The in vivo study also showed that ZnO NPs exposure via ingestion route can cause toxicity to the organism by inducing oxidative stress, resulting in the reduced viability of *Drosophila*. Our results from both in vitro and in vivo investigations may help to better evaluate the adverse effects of ZnO NPs which may be the important mechanism contributing to their toxicity.

Supplementary material
======================

###### 

Effect of LA and GSH on ZnO NP-induced cytotoxicity in MRC5 cells.

**Notes:** (**A**) MRC5 cells were pretreated with 300 μM LA or (**B**) 3 mM of GSH for 24 h followed by 25 μg/mL ZnO NPs for 24 h. Pretreatment of antioxidants caused \~10% (8.317%±3.044% and 9.013%±3.327%, respectively) decrease in LDH compared to ZnO NPs alone.

**Abbreviations:** GSH, glutathione; LA, lipoic acid; LDH, lactate dehydrogenase; NPs, nanoparticles.

###### 

Comparison of the toxicity in *Drosophila* fed with two different ZnO NPs at 0.5 and 1 mg/mL.

**Notes:** The number of emerged adult flies exposed to ZnO NPs at (**A**) 0.5 mg/mL or (**B**) 1 mg/mL of ZnO NPs was recorded for 10 days. While administration of \~70 nm of ZnO NPs significantly reduced the viability as stated earlier on, oral administration of 50--80 nm ZnO NPs at both doses did not affect the viability greatly. Error bars = standard error of mean.

**Abbreviations:** BSA, bovine serum albumin; NPs, nanoparticles.

###### 

Particle size measurement of ZnO NPs in water by DLS technique.

**Notes:** (**A**) ZnO NPs used in the study by Alaraby et al[@b21-ijn-12-1621] before sonication showed that majority of the NPs are \>1 μm and (**B**) after sonication, the NPs became less polydispersive although majority of the NPs still agglomerated as large particles.

**Abbreviations:** DLS, dynamic light scattering; NPs, nanoparticles; PDI, polydispersity index; St dev, standard deviation.
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![Characterization of ZnO NPs.\
**Notes:** (**A**) A representative TEM micrograph of ZnO NPs. (**B**) UV-vis of ZnO NPs reveals an absorption peak at 360 nm. (**C**) Size distribution of ZnO NPs from DLS. ZnO NPs arê70 nm in diameter in solution. (**D**) Zeta potential of ZnO NPs is +5.8 mV.\
**Abbreviations:** DLS, dynamic light scattering; NPs, nanoparticles; TEM, transmission electron microscopy; UV-vis, ultraviolet-visible.](ijn-12-1621Fig1){#f1-ijn-12-1621}

![Cellular uptake of ZnO NPs and morphological changes in treated human MRC5 lung fibroblasts.\
**Notes:** (**A**) EM micrograph of untreated MRC5 lung fibroblast. (**B**) EM micrograph of ZnO NP-treated MRC5 lung fibroblast. (**C**) LM micrograph of untreated MRC5 lung fibroblast. Magnification: ×100. (**D**) LM micrograph of 50 μg/mL ZnO NP-treated cells. Cells are shrunken, indicative of cell death. Magnification: ×100. (**E**) Confocal micrograph of untreated MRC5 cell. Magnification: ×200. (**F**) Confocal micrograph of cells treated with 25 μg/mL ZnO NPs, showing cell shrinkage (as indicated by arrow). Magnification: ×200.\
**Abbreviations:** EM, electron microscope; NPs, nanoparticles; LM, light microscope.](ijn-12-1621Fig2){#f2-ijn-12-1621}

![ZnO NP exposure caused decrease in cell survival and proliferation in MRC5 cells.\
**Notes:** (**A**) LDH assay reveals early cytotoxicity of ZnO NPs on MRC5 cells. MRC5 cells release significant amount of LDH into the culture media, indicating cellular membrane disruption starting from a dose of 50 μg/mL. (**B**) AlamarBlue^®^ assay shows a dose-dependent decrease in cell viability after ZnO NP treatment in MRC5 cells. (**C**) Flow cytometry (FACS) cell cycle analysis of MRC5 cells following ZnO NP exposure. Graphical representations of % of cells on the y-axis show a significant dose-dependent increase in cell death (sub-G1 phase) and decrease in cell proliferation (S + G2/M phase) when treated with ZnO NPs in MRC5 cells. (**D**) Detection of apoptotic cells in ZnO NP-treated MRC5 using Annexin V FITC/propidium iodide staining as analyzed by FACS. Error bars = SEM; \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001.\
**Abbreviations:** FACS, fluorescence-activated cell sorting; FITC, fluorescein isothiocyanate; LDH, lactate dehydrogenase; NPs, nanoparticles; SEM, standard error of the mean.](ijn-12-1621Fig3){#f3-ijn-12-1621}

![ZnO NP treatment causes a significant induction of intracellular ROS in MRC5 cells.\
**Notes:** (**A**) ROS generation induced by 50 μg/mL ZnO NPs treatment as measured by FACS. There was an increase in DCFDA fluorescence intensity as indicated by a right shift in the treated cells as compared to the control cells. (**B**) Real time PCR analysis shows an increasing trend in the expression of ER stress-related genes in MRC5 lung fibroblasts following 16 h treatment at 25 and 50 μg/mL of ZnO NPs. Error bars = SEM; \**P*\<0.05; \*\*\**P*\<0.001.\
**Abbreviations:** DCFDA, 2′,7′-dichlorofluorescin diacetate; ER, endoplasmic reticulum; FACS, fluorescence-activated cell sorting; FITC, fluorescein isothiocyanate; NPs, nanoparticles; PCR, polymerase chain reaction; ROS, reactive oxygen species; SEM, standard error of the mean.](ijn-12-1621Fig4){#f4-ijn-12-1621}

![ZnO NPs induce genotoxicity in MRC5 cells.\
**Notes:** (**A**) DNA oxidation product, 8-hydroxy-2′-deoxyguanosine (8-OHdG) was significantly increased in response to ZnO NP treatment, indicates DNA damage resulting from oxidative stress. (**B**) Comet assay of ZnO NP-treated MRC5 cells (bottom right inset) shows the formation of comet tail, an indicator of DNA damage, compared with control untreated cells (upper right inset; magnification: ×200). Error bars = SEM; \**P*\<0.05; \*\*\*\**P*\<0.001.\
**Abbreviations:** NPs, nanoparticles; SEM, standard error of the mean.](ijn-12-1621Fig5){#f5-ijn-12-1621}

![ZnO NPs adversely affect the viability of the fruit fly *Drosophila melanogaster*.\
**Notes:** (**A**) EM imaging of the intestinal lumen control larva. (**B**) EM imaging on larval uptake of ZnO NPs at the intestinal lumen. Presence of ZnO NPs is indicated by the boxed area. (**C**) Treatment of wild-type flies with ZnO NPs results in a significant decrease in viability. Wild-type flies fed with different doses of ZnO NPs were removed after 5 days upon ingestion of ZnO NPs. Successfully, enclosed F1 adult flies were counted and their survival rate was presented after following up for 9 days. \*\*\*\**P*\<0.0001. (**D**) Treatment of wild-type flies with ZnO NPs results in a delay in development. Error bars = standard error of mean.\
**Abbreviations:** EM, electron microscope; NPs, nanoparticles.](ijn-12-1621Fig6){#f6-ijn-12-1621}

![ZnO NPs induce ROS in a dose-dependent manner in the midgut of the *Drosophila melanogaster* larvae.\
**Notes:** (**A**) DHE stain in control gut shows the basal level of ROS. (**B**, **C**) Treated gut cells show a gradual increase in DHE intensity. In particular, a dramatic increase in ROS is detected in gut cells treated with ZnO NPs at 0.5 mg/mL.\
**Abbreviations:** DAPI, 4′,6-diamidino-2-phenylindole; DHE, dihydroethidium; ROS, reactive oxygen species; NPs, nanoparticles.](ijn-12-1621Fig7){#f7-ijn-12-1621}

![ROS induction is a direct cause of ZnO NP-mediated toxicity in *Drosophila melanogaster*.\
**Notes:** (**A**) Schematic diagram showing the role of Nrf2 in the antioxidant defense mechanism. (**B**) Removal of one copy of *Sod2* increases the lethality caused by ZnO NP treatment. (**C**) Removal of one copy of *cncC* (the *Drosophila* homolog of *Nrf2*) further enhanced reduction of viability caused by ZnO NP treatment. These observations suggest that excessive amounts of ROS induced by ZnO NPs adversely affect the viability of organisms in vivo. \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviations:** ROS, reactive oxygen species; NPs, nanoparticles.](ijn-12-1621Fig8){#f8-ijn-12-1621}
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